carboxy-terminal cytoplasmic domain of the p23 protein (YLRRFFKAKKLIE-COOH) was synthesized and attached In this paper, we define the membrane and cytosolic requirements needed to reconstitute the budding of to the headgroup of a phospholipid via a stable thioether linkage to an N-terminal Cys residue added to the syn-COPI-coated vesicles from artificial lipid bilayers with a broad variety of lipid compositions. We confirm the thetic peptide (Figure 1 ). When the resulting lipopeptide is included during the preparation of lipid bilayer vesiprinciple that coatomer and ARF [GTP] are all that is needed to provide the mechanical device-a coat-for cles, many copies of peptide will project from the outer surface of the vesicles. pinching off bilayer vesicles. We also find that when the lipid compositions mimic mammalian cell membranes, To prepare vesicles containing the lipopeptide (usually added as 5 mol%, see Table 1 
Formation of COPI-Coated Vesicles Requires Coat
Proteins and the Cytoplasmic Tail Peptide quires a defined cell-free system that provides both minimal machinery for pinching off a bilayer vesicle and Liposomes containing the lipopeptide (representing the cytoplasmic domain of the p23 protein) were mixed with minimal machinery for packaging cargo. A simple system would consist of an artificial lipid bilayer containing recombinant N-myristoyl-ARF and essentially homogeneous native coatomer and the recombinant ARF-spea putative transmembrane cargo receptor (such as a p24 family protein) incubated with a pure coat protein, cific nucleotide exchange factor ARNO (Chardin et al., 1996); they were then incubated in the presence of ARF, and GTP. The simplest possible system would employ only the carboxy-terminal cytoplasmic tail of a GTP␥S for 30 min at either 37ЊC or on ice for subsequent examination by electron microscopy. p24 family protein as a mimic of the entire receptor, because this is the only portion that could interact diIn initial experiments, a lipid mixture similar to that reported for mammalian Golgi membranes (van Meer, rectly with the coat protein and/or ARF. Incubations including coatomer, ARF, GTP␥S, and ARNO were performed with liposomes containing the p23 lipopeptide incubated at 37ЊC (A), at 0ЊC (B), lacking the lipopeptide incubated at 37ЊC (C), or containing a mutant (mt) lipopeptide incubated at 37ЊC (D). After 30 min of incubation, samples were diluted with PBS, and glutaraldehyde was added at a final concentration of 1% (w/v). Membranes were then collected by ultracentrifugation at 100,000 g for 60 min at 4ЊC. Samples were further processed for electron microscopy as described under Experimental Procedures (bar, 100 nm). Note that various amounts of protein aggregates were found under all conditions, which is due to glutaraldehyde fixation prior to membrane sedimentation. White arrows (A) highlight liposome-derived COPI-coated vesicles, and the black arrow (A, inset) points to a structure that most likely represents a COPI-coated bud. The black arrow in the inset of (B) highlights an example of a partially coated liposome.
1998) but supplemented with additional phosphatidylice (18% Ϯ 1% [SEM]). This background value (18%
is likely an overestimate of vesicles Ͻ80 nm, serine (PS) and with phosphatidylinositol-4,5-bisphosphate (PIP 2 ) was used (referred to in Table 1 as "Golgisince it will include random sections of larger vesicles. At both temperatures, extensive coating of the parenlike mix plus PS and PIP 2 "; the "Golgi-like mix" being the approximate composition given by van Meer [1998] tal 200-400 nm diameter vesicles was observed (an example is shown in the inset in Figure 2B ). However, as 95% of the total lipid [the remaining 5 mol% being the lipopeptide]). The additional acidic lipids were used coated buds were detectable only in the 37ЊC incubation, apparently in the process of pinching off to yield because they have been reported to facilitate membrane binding and nucleotide exchange by ARNO (Chardin et coated vesicles (an example is shown in the inset in Figure 2A ). This suggests that binding of coat proteins al., 1996), a point that we will return to later.
Upon incubation at 37ЊC (Figure 2A ), numerous small occurs at both 0ЊC and 37ЊC, but that formation of curved lattices of unit size needed to pinch off vesicles only coated vesicles with an outer diameter of 50 Ϯ 12 (SD) nm appeared that were not present prior to the incubaoccurs at the elevated temperature, as would be expected for a physiological process in a mammalian systion or following incubation at 0ЊC ( Figure 2B ). Vesicles smaller than 80 nm represented 54% Ϯ 10% (SEM) of tem. This conclusion is confirmed by the biochemical studies below. total vesicle profiles after incubation at 37ЊC (Table 2) , clearly significantly greater (p Ͻ 0.0001) in abundance It is clear that the vast majority of the small (Ͻ80 nm diameter) coated vesicles must be derived from larger than vesicles in this size class after the incubation on 3A vs. Figure 3D) . Therefore, the population of coatomer Table 1 ). Figure 1 but representing the terms of the formation of both coated buds and vesicles. This suggests that ARF[GTP] is necessary for self-assoentire cytoplasmic domain of the p24 protein (residues Ϫ1 to Ϫ13, Ϫ1 being the C terminal residue) permits ciation of ARF-coatomer complexes, for promoting a transition between flat and curved lattices, or both. Interbudding of synthetic COPI-coated vesicles with similar efficiency as the cytoplasmic tail from p23 protein (data estingly, when incubations were performed in the absence of coatomer, ARF was no longer detectable in not shown). Therefore, the capacity to promote ARFdependent binding of coatomer and the ensuing budpool I ( Figure 3G) . These results support a bivalent interaction of coatomer with ARF and the p23 tail, which ding of coated vesicles is a characteristic property of the major p24 family members present in Golgi membranes. appears to be the molecular basis for productive coating (Nickel et al., 1998).
Cytoplasmic tails of p24 family members have two characteristic motifs: two adjacent phenylalanine resiIn addition to the p23 protein, Golgi membranes contain several members of the p24 family of putative cargo dues typically located at positions Ϫ7 and Ϫ8 or Ϫ8 and Ϫ9 ( Table 1 ) was chosen because PS and PIP 2 provide optimal conditions for the catalytic activity of ARNO in mediating nucleotide exchange (Chardin et al., 1996) . While we added ARNO in most of these experiments, it turned out that this component was not required (data not shown). Purified recombinant, bacterially expressed ARF protein is mainly in its GDP-bound form (Franco et al., 1995) . Since ARF and GTP are both required for budding (and GDP does not substitute for GTP), even when ARNO is absent, it would appear that sufficient nucleotide exchange for budding must take place spontaneously under our assay conditions. This was confirmed by measuring the uptake of radiolabeled GTP into ARF protein during budding reactions in the presence or absence of ARNO (data not shown). Exchange was stimulated 3-fold by including ARNO and about 2% of ARF protein-acquired GTP even in the absence of ARNO. This is consistent with the percentage of ARF in the incubation that localizes to pool II during budding reactions ( Figure 3A) in the presence of ARNO, averaging 6% Ϯ 1% (SD) among several experiments. This analysis reveals why spontaneous nucleotide exchange is sufficient to permit budding at the observed efficiency. Since coated vesicle formation can occur independently of ARNO, we were able to analyze whether tail-dependent budding can occur in the absence of lipids like PS and PIP 2 that would otherwise be needed for ARNO to operate effectively, and with a wide variety of different compositions (Table 1 ). somes (as in Figure 5 ) is recovered in the coated vesicle Generalizing this bivalent model for coupling, specific fraction after incubation. Coatomer recovery from pool association of particular coats with particular donor II can also be used to estimate the efficiency of budding. membranes would result from a combination of differen-A total of 25 g of coatomer is added to each incubation, tial specificity of the exchange factor for ARF family corresponding to 2 ϫ 10 13 molecules of coatomer (asmembers, differential affinity of the particular set of suming complete purity). Of these, we find that an averv-SNAREs present in the donor membrane for ARF famage of 8% Ϯ 3% (SD) is recovered in pool II, correspondily members, and differential affinity of different coat ing to about 1.6 ϫ 10 12 molecules incorporated into proteins for ARF family members and for the spectrum coated vesicles. The total surface area of the 10 g of tail motifs housed in that donor membrane. Specificity quantity of approximately 300 nm diameter bilayer vesiarising in this interlocked and combinatorial fashion cles added to each incubation is about 2.8 ϫ 10 , correand Table 1 ) but also found that when a corresponding mixture of bovine liver PC and PE having a natural acyl sponding to about 4.3% of the lipid added. This is an upper limit because it assumes coatomer is completely chain distribution was tested ( Figures 6A and 6B) , no budding occured unless a tail lipopeptide was present. pure and because free coatomer contaminates pool II.
The budding efficiency can be independently calcuThe single molecular species DOPC and DOPE are each found at only low levels in mammalian Golgi membranes lated from the morphological data (Table 2) 
